BiFeO 3 / Nb-SrTiO 3 heterojunctions with room-temperature resistance switching ͑RS͒ and white-light photovoltaic ͑PV͒ effects were fabricated by pulsed laser deposition. The current-voltage characteristics of these heterojunctions show a good rectifying property with a large rectifying ratio of 10 4 . Nonvolatile bipolar RS effect was observed with an ON/OFF-state current ratio of about 10 2 . The heterojunctions also exhibit a substantial white-light PV effect. Both the RS and PV behaviors can be modulated by additional pulsed voltages, which control the electric polarization of the heterojunctions. This letter is helpful for exploring the multifunctional heterojunctions and their applications in memory devices and solar cells. © 2011 American Institute of Physics. ͓doi:10.1063/1.3584031͔ BiFeO 3 ͑BFO͒ is one of the most extensively investigated perovskite oxide materials because of its remarkable multiferroic ͑ferroelectric, antiferromagnetic͒, optical properties at room temperature and potential applications in memory and logic devices.
͑OP͒ piezoresponse force microscopy ͑PFM͒ image and inplane ͑IP͒ PFM image, respectively, demonstrating the switching of domain in the as-grown BFO films. The films are flat with a root-mean-square roughness value of ϳ0.70 nm. According to the OP and IP PFM images, the ferroelectric domain structure of the sample can be described by four polarization directions, which is consistent with the previous letter. 10 By applying a voltage to the tip during the scan, we were able to reversibly switch the polarization of BFO film. However, because of the interface barrier between BiFeO 3 and NSTO, the positive and negative dc voltages for switching the polarization are different, which is consistent with the polarization-voltage ͑P -V͒ hysteresis loop shown in the inset of Ϫ8 V for the negative bias voltages, respectively.
The current density-voltage ͑J -V͒ curves at room temperature for BFO/NSTO are shown in Fig. 2͑a͒ . The inset schematically illustrates the electrode settings in which the forward bias corresponds to application of a positive voltage to BFO. It is interesting to note that the J -V curves exhibit a good diodelike rectifying property and a hysteresis behavior. The rectifying ratio, defined as the ratio of the positive current divided by the negative one for Ϯ3 V, is about 10 4 , which is comparable to that reported by Yang et al. 11 The hysteresis behavior shown in Fig. 2͑a͒ indicates the resistance switching effect in the BFO heterojunction. In order to study this switching effect, we applied positive and negative pulse voltages with a 1 ms pulse width repeatedly to the heterojunction and measured the J -V curves after each pulse. Because the coercive fields of the heterojunction are different for the positive and negative voltages as shown in the P -V hysteresis loop, we polarized the BFO film back and forth with different pulse voltages ͑+3 and Ϫ15 V͒ above coercive fields. Figure 2͑b͒ shows the J -V curves after applying voltage pulses of 0 V ͑initial state, black͒, Ϫ15 V ͑red͒, +3 V ͑blue͒, Ϫ15 V ͑magenta͒, +3 V ͑green͒, and Ϫ15 V ͑purple͒. The current measured after applying a +3 V pulse voltage is always larger than that measured after applying a Ϫ15 V pulse voltage, manifesting a bipolar resistance switching effect. To investigate the temporal variation in the junction resistance in response to the voltage pulses, the variation in the junction resistance with a train of +3 V and Ϫ15 V voltage pulses was measured at +0.5 V and Ϫ0.5 V, respectively. The results are shown in Figs. 2͑c͒ and 2͑d͒. The low resistance state ͑LRS͒ after applying a +3 V pulse and the high resistance state ͑HRS͒ after applying a Ϫ15 V pulse are repeatable. The ON/OFF-state resistance ratio n, defined by n = R H / R L ͑R H is the high resistance, R L is the low resistance͒, is larger in Fig. 2͑c͒ than that in The PV efficiency of our heterojunction is about ϳ3 ϫ 10 −2 %, which is comparable to that of BFO 3 ͑001͒ oriented thin film ͓ϳ7 ϫ 10 −2 % ͑Ref. 12͔͒ and higher than that of platelike BFO single crystal and BFO 3 ͑001͒ thin films ͓ϳ3 ϫ 10 −3 % ͑Ref. 3͒, ϳ7 ϫ 10 −4 % ͑Ref. 4͔͒. Figure 3͑b͒ shows the time dependence of the photocurrent at zero bias voltage. The ON and OFF states are repeatable and stable, confirming the PV effect. The open-circuit current is about −6 ϫ 10 −3 A / cm 2 . Compared with other reports on BFO thin film structures, 4,12 our current density is comparable to that reported in Ref. 12 and larger than that reported in Ref. 4 . This is likely due to the thinner BFO film of ours compared with that used in Ref. 4 . On the other hand, suitable conductivity is expected to be helpful for improving the PV efficiency of ferroelectrics based PV effect. 9 This may account for the high PV efficiencies of our letter and Ref. In order to estimate the contribution from the Au/BFO interface, we fabricated Au/ BFO/ SrRuO 3 structure. The I -V curve of this structure is asymmetric, but the rectifying ratio is very small ͑ϳ4͒, and the current is much larger than that of Au/BFO/NSTO structure. Thus, the BFO/NSTO interface dominates the transport properties of Au/BFO/ NSTO structure. 11, 13 The interface barrier is composed of build-in barrier build-in ͓ build-in = ͑NSTO͒ − ͑BFO͒ + ⌽ s ͑BFO͒ − ⌽ s ͑NSTO͔͒ and the interface barrier ⌬ P induced by the depolarization field, where and ⌽ s are affinity energy and work function, respectively.
14,15 Thus = build-in + ⌬ P and ⌬ P is smaller than build-in . Figure 4 is the schematic band diagram of the heterojunction after the positive and negative poling, respectively. Figures 4͑a͒ and  4͑b͒ show the depolarization field distribution and ferroelectric polarization orientation in BFO film near the interface. Figures 4͑c͒ and 4͑d͒ show the total band diagram of BFO/ NSTO heterojunction. The total interface barrier after applying a positive pulse voltage is lower than that after applying a negative pulse voltage, resulting in the resistance switching effect. This model is also consistent with V D -T behaviors shown in the inset of Fig. 2͑b͒ . For the PV effects, the large barrier height for the HRS corresponds to the large opencircuit voltage, but the photocurrent is small, and vice versa. Therefore, ferroelectric polarization switching can modulate the junction resistance and PV behavior simultaneously, which opens a door to improve the efficiency of ferroelectric materials based solar cells. 9 In summary, BFO/NSTO heterojunctions with multifunctional properties have been fabricated. These junctions exhibit remarkable rectifying property, bipolar resistance switching effect, and PV effect at room temperature. The role of electric polarization in determining the junction properties was emphasized to account for the results. This letter will shed light on the application of multifunctional oxide heterojunctions. 
